Introduction
Soybean aphid resistant varieties were first released commercially in 2010. Currently all commercially available resistant varieties incorporate the Rag1 (Resistance to Aphis glycines) gene. Research from the past three years have shown:
• Across multiple states and years, Rag1 containing-soybeans have fewer aphids than aphid-susceptible soybeans.
• When aphids are present in a field, Rag1 containing-soybeans are never aphid free (Mardorf et al. 2010 ).
• Rag1 does not limit yield (Kim and Diers 2009, Mardorf et al. 2010 ).
• Combining Rag1 and Rag2 in a soybean line provides more resistance than Rag1 or Rag2 alone (Wiarda et al. 2011) .
Three other resistance genes have been discovered, Rag2, Rag3, and rag4 (Tilmon et al. 2011) . Our knowledge of how pyramided resistance (a variety containing two resistance genes) will perform in the field is limited. How these varieties will interact with (1) natural enemies of the soybean aphid, (2) genetically diverse populations of soybean aphids, and (3) current management strategies, specifically insecticidal seed treatments are all questions that need to be addressed before appropriate management recommendations can be made. Our objective was to answer these three questions using a micro-plot cage experiment and a small plot field experiment.
Evaluating the interaction of predators and pyramided resistance in cages
Soybean lines containing the Rag1 gene alone, the Rag2 gene alone, the Rag1 and Rag2 genes together, and a susceptible near-isoline were grown in caged micro-plots with six replications. Each micro-plot consisted of 10 plants grown in a single 40-inch long row. Each line was exposed to two treatments, (1) Predator Free, and (2) Bio-control. Ten aphids per plant were used to infest plants in the vegetative stage (V3 stage) for the Predator Free treatment. Plants were enclosed inside a mesh cage to exclude aphid predators to measure the ability of aphids to reproduce on each line. Ten aphids per plant also were added to the Bio-control treatment; however, plots were left open to predators. This allowed for a measurement of the interaction of biological control and host plant resistance.
Aphid populations were monitored each week using three whole plant counts per plot until populations declined in all treatments. Aphid performance was measured by calculating cumulative aphid days (Cumulative Aphid Days = CAD) for each soybean line.
Evaluating pyramided resistance and seed treatments in the field
The Rag1 alone, Rag2 alone, Rag1 and Rag2 combined, and susceptible soybean lines were grown in 18-row plots 50 ft. long at the Curtiss Research Farm in Ames, IA, and the Northeast Research Farm in Nashua, IA. The experimental design consisted of randomized complete block design with four replications. Each 18-row plot was sub-divided into three split-plot treatments, (1) Aphid Free, (2) Untreated, and (3) Seed Treated. The Aphid Free treatment was kept below 50 aphids per plant using foliar applications of λ-cyhalothrin (Warrior II with Zeon Technology, Syngenta Crop Protection, Greensboro, NC). In the Untreated treatment, plots were kept free of any insecticide. In the Seed Treated treatment, seed was treated with thiamethoxam (Cruiser, Syngenta Crop Protection) prior to planting.
We counted the aphids on 10 plants per plot until populations reached 50 aphids per plant on the susceptible line, at which time five plants were counted. Plots were counted from the V3 stage to senescence. The effectiveness of each treatment to reduce aphid populations was calculated using CAD.
Results and discussion

Evaluating the interaction of predators and pyramided resistance in cages
The exclusion of predators in the Predator Free treatment resulted in high aphid populations for the four lines. Aphid populations peaked at around 6,000 aphids per plant for the susceptible line (Figure 1 ). The two single gene lines reached peak populations around 3,000 aphids per line that exceeded the economic injury level (EIL). The pyramided resistance line exceeded the economic threshold, but failed to reach the EIL. Predators, specifically ladybeetles, minute pirate bugs, and lacewing and hover fly larvae were frequently observed feeding on aphids in the Bio-control treatment. Therefore, we assume the difference in aphid populations between the Bio-control and Predator Free treatments is due in large part to predation. This reduction was more than 10-fold compared to the Predator Free treatment. In the Bio-control treatment only the susceptible line exceeded the EIL (Figure 1 ). Aphid populations failed to reach even 50 aphids per plant on the pyramided resistance line. These results demonstrate the benefit of biological control for soybean aphid resistant varieties. When predators were excluded, single gene lines were incapable of preventing aphids from reaching economically damaging levels. When predators were allowed access to aphid populations, Rag1 alone cultivars were capable of providing equivalent aphid protection to the pyramided resistance line.
Evaluating pyramided resistance and seed treatments in the field
Soybean aphid populations on the susceptible line peaked in the Untreated treatment at 450 and 600 aphids per plant in Ames and Nashua, respectively. Despite differences in overall densities of aphids at each location, aphid population trends were similar at both locations, so data was pooled for aphid performance analyses (Figure 2) . At both locations, the three resistant lines significantly reduced aphid populations compared to the susceptible line. The seasonal exposure of plants to aphids (i.e. CAD) were similar for both Rag1 alone and Rag2 alone. Plant exposure was reduced by 71% for Rag1 and 86% for Rag2. The pyramided resistance line had significantly lower aphid populations, reducing CAD by 97% compared to the susceptible line. Aphid populations on the pyramid peaked at 8 and 15 aphids per plant in Ames and Nashua, respectively. Insecticide seed treatments significantly reduced CAD on the four lines by an equal percent across both locations. The seed treatments reduced CAD by 39%, 56%, 39%, and 42% on the susceptible, Rag1, Rag2, and Rag1/Rag2 lines respectively. Overall the addition of a seed treatment reduced CAD by an average of 44% (Figure 3) .
Results from the field study demonstrate the ability of soybean aphid resistant varieties in general reduce aphid pressure. Results from the field study mirror the results we obtained from our micro-plot studies. Specifically single gene lines (i.e. Rag1 alone and Rag2 alone) significantly reduce aphid populations compared to the susceptible line, and the pyramid reduces aphid populations even further. The field study also shows that insecticide seed treatments can provide similar protection to resistant lines as has been shown for susceptible lines (i.e. reducing CAD by 39-56% compared to seed without an insecticide treatment) (Johnson et al. 2009 ).
Going into the future, the release of single gene aphid resistant soybean varieties appears to provide effective control of the soybean aphid, reducing the need for foliar applications of insecticide. This control, however, could be further improved through the release of pyramided resistance lines, which have the potential to eliminate the threat of yield loss from soybean aphid damage.
